Abstract-The integration of distributed generations with a high penetration level impacts the static voltage stability of an active distribution network remarkably. Based on the probability power models of two typical distribution generations, this paper firstly presents a two-point estimation method to perform the probabilistic power flow calculation of the distribution network. Then a probability index suitable for evaluating the voltage stability of active distribution networks is proposed based on traditional voltage stability index and random probability evaluation theory. The static voltage stability evaluation method for active distribution networks is proposed and the influence of four types of load on the voltage stability is analyzed. The effectiveness of the proposed voltage stability probability index and the validity of the evaluation method are verified by simulations carried out on the standard IEEE-33 bus system.
INTRODUCTION
Active distribution network (ADN), which integrates a large number of distributed generations (DGs) and energy storage units, is considered to be one of the most promising technologies to make full use of the advantages of DGs, save vast investment of power system, and meet the ever increasing demand of electrical energy consumers [1] [2] [3] .
With the increase of the penetration level of DGs, the topology and power flow of ADNs tend to be more complex and varied, and the law of the voltage distribution is quite different from that of the traditional distribution network. The static voltage stability (SVS), which has never seen to be a problem, now draws more and more attentions of the researchers [4, 5] . Meanwhile, the operation of DGs such as solar and wind power generation is greatly influenced by weather and environment conditions, the high randomness and volatility of their powers complicate the calculation and evaluation of the SVS [6, 7] . Furthermore, the influence laws of loads with different types on the SVS of ADNs are quite different [8] . Therefore, the development of a SVS evaluation method that can cope with the stochastic behaviour of the DG and the diversity of the load types in ADNs is of a significant engineering value [9, 10] .
Reference [11] researched the influence of the gridconnected photovoltaic on the voltage stability of a power system. It concluded that the basic method to improve the voltage stability was to increase and stabilize the power factor of the point of interconnection. Utilizing the regression analysis method, reference [12] established the economic analysis and voltage stability analysis model of a distribution network with DG integration, to study the impact of DGs on the voltage stability. Reference [13] studied the influence of asynchronous generator-based DG on the voltage stability of a distribution network, and concluded that the occurrence of voltage instability was related to the infinite increase of the speed of the asynchronous generator. Based on virtual power plant concept, a novel voltage stability coordination control method for AND was proposed in [14] . The voltage stability of a AND has been determined by using the characteristic root voltage stability analysis method. However, the randomness and uncertainty of the DG power had not been fully considered in the analysis of the voltage stability of ADNs till now.
Considering the uncertainty of the powers of DGs and loads in the transmission network, reference [15] obtained the statistic characteristics of the critical point of voltage stability based on point estimation method and nonlinear programming model, and performed the voltage stability probability evaluation according to the obtained probability density distribution. In reference [16] , an improved two-point estimation method was proposed to effectively addressing the probabilistic power flow calculation problem of ADNs. Reference [17] also considered the randomness and uncertainty of wind and solar power, and built a probability distribution model of the SVS limit by using continuous power flow method and two-point estimation method, to obtain the statistical characteristics of the voltage stability critical point. In summary, current researches mainly adopt the continuous power flow or the nonlinear programming method to analyze the voltage stability critical point in voltage stability evaluation. However, the obtained voltage stability limits and the corresponding load margins are network topology and load increase mode specific. Moreover, the selection of the continuous parameters and step sizes affects the accuracy of the results greatly. This paper carries out the probabilistic assessment of the static voltage stability of active distribution networks. Probabilistic power model of typical DGs and load are built, a two-point estimation method, which has a fast solving speed and needs fewer data, is developed to perform the probability power flow calculation. A novel SVS index that is universally applicable to load types and is of simple calculation is presented. Based on these works, a probabilistic SVS assessment method is proposed for ADNs. Simulation results of the standard IEEE-33 nodes system are provided to validate the effectiveness of the proposed voltage stability probability index and the evaluation method.
II. PROBABILISTIC POWER MODELS

A. PV Units
Assuming that the solar irradiance in a period of time approximately obeys the Beta distribution [18] , its probability density function can be expressed as:
Where r (W/m 2 ) is the solar radiation intensity and rmax is its maximum value; Variables α and β are the shape parameters. The total output power Ptotal of a solar array is:
Where A is the total area of the PV array and η0 is the overall conversion efficiency. The probability density function of Ptotal can be solved according to formula (1) and (2) as:
Where Γ is the Gamma function and Pmax is the maximum output power.
B. Wind Powers
We consider that the wind speed obeys the two-parameter Weibull distribution [19] , and its probability density function can be expressed as:
Where v is the wind speed; Variables K and C, which is respectively the shape parameter and scale parameter of the two-parameter Weibull distribution, can be solved by using the average wind speed and standard deviation estimation method, i.e.:
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Where μ is the average wind speed and σ is the variance of the sampling wind speed. For a typical variable-speed constant-frequency wind generator, it can be considered that the wind farm power Pwind is a piecewise function of the wind speed, that is: 
Where Pe and Ve is respectively the rated power and rated wind speed of the wind turbine; Vci and Vco are the cut-in and cut-out wind speeds. Constants a and b can be solved by:
The probability density function of the output power of a wind turbine can be expressed as:
C. Loads
It is commonly accepted that the load demand obeys a normal distribution. Denoting the expected value and variance of the active/reactive power as μP/μQ and σP/σQ, the probability density functions of load active and reactive power can be expressed as:
Normally, it is very difficult to establish an accurate load power model due to a great variety of the load types and large variation of the load demand in distribution network. This paper considers the following four types of load models in voltage stability assessment of ANDs:
1)
Constant power model (type P):
2) Constant current model (type I):
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3)
Constant impedance model (type Z):
And (4) ZIP load model (type ZIP):
In formula (10)- (13), PL(i) and PL0(i) is respectively the actual and reference active power of the load of node i; Vi and V0 is the actual and reference voltage amplitude of node i, respectively; A, B, C are the proportional coefficients of the corresponding load types.
III. PROBABILITY POWER FLOW CALCULATION
Deterministic power flow calculation methods are no longer applicable to ANDs due to the randomness and volatility of DG powers. This paper adopts probabilistic load flow (PLF) calculation to comprehensively consider the uncertain factors in ANDs. In dealing with the node type, the node with wind farm is treated as a PV node since that a wind farm has sufficient reactive power control capability to maintain a desired power factor. While the node with PV unit is treated as a PQ node due to fact that a photovoltaic normally provides active power only.
Assuming that the probability density function of a random variable X is fX(x), and Y=g(x) is a nonlinear function of X. The principle of point estimation method is to replace g(x) by k sets of probabilities to match the first few data points of g(x). For X is a vector of n random variables, k×n data points should be used to perform the estimation. Normally, 2n points are used in estimation for k=2.
The two-point estimation method (2PEM) calculates two values on both sides of the mean value of each uncertain variable, and replacing the uncertain quantity with these two determined quantities in estimation, thus converts the stochastic computation problem into a determined calculation. As for probabilistic power flow calculation with n uncertainties, 2n deterministic power flow calculations should be performed.
A N-dimension random variable vector ξ can be expressed as: 1 2 [ , ,..., ,..., ]
The 2PEM matches the first three moments of the stochastic variable ξi by using two determinants ξi1 and ξi2 on both sides of the mean value, to replace the probability density function. ξi1 and ξi2 can be expressed as:
Where mv_ξi and sd_ξi represents the mean value and standard deviation of ξi, respectively; pmiμ has a form of:
Where ωi is the skewness coefficient of ξi with its expression being: 3 ] is the third-order central moment of ξi. Utilizing wiμ to represent the probability concentration of xiμ, we can obtain:
In summary, the proposed tow-point estimation method fulfil the probability power flow issue by performing a few deterministic power flow calculations. It needs few data and is of simple calculation, thus guarantee a fast solving speed and at the same time has a satisfying computation accuracy. 
IV. PROBABILITY POWER FLOW CALCULATION
A. Improved Voltage Stability Indicator
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From formula (19) we can obtain:
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Where VRm/VXm and VRn/VXn is respectively the real/imaginary part of voltage Vm and Vn.
Eliminating VXn in formula (20) 
To guarantee the voltage stability of ADN, the solutions of the above two quadratic equations of VRn and VXn should be real numbers. This requirement implies that the discriminants (the two discriminants are the same) should satisfy: 
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It can be easily learned from formula (25) that the value of Lmn is determinately to be in the range of [0, 1], and a value of Lmn that is more close to 1 means the branch mn has a higher level of voltage stability, while it has a higher risk of losing stability for Lmn with a value being close to 0. We can inform from formula (25) that the proposed SVS indicator is of easy calculation and is applicable to any types of load.
B. Static Voltage Stability Assessment
The voltage stability indicator solved by formula (25) is deterministic if the variables in formula (25) have deterministic values. However instead of deterministic values, the probability power flow calculation can only provide the probability distribution functions of the power of DGs and loads with specific forms of distributions. To resolve this contradiction, this paper proposes a probabilistic SVS assessment method for ADNs by combining the probabilistic power flow calculation results with the improved voltage stability indicator Lmn. It can provide the distribution function and expectation and variance of the voltage stability, thus facilitate the evaluation of the SVS more comprehensively and effectively.
The specific implementation of the probabilistic SVS assessment method is as follows:
(1) Determining the topology and parameters of the ADN to be studied, and selecting a suitable mode for the load connecting to each system node.
(2) Calculating the power probability density functions of PV unit, wind power and load demand according to formula (3) , (8) and (9) 
V. CALCULATION SIMULATION RESULTS
A. Simulation Model
The simulations are carried out on the standard IEEE-33 nodes distribution system shown in Fig.2 [20] . The base value of the voltage and power of this network is 12.66kV and 10MVA respectively. A PV unit labelled with "DG2" connects to node 12 of the network, its active output obeys a normal distribution with a mean value of 50kW and a variance of 10%. A wind power generation with its power obeying the two-parameter Weibull distribution is in paralleling to node 25, as the DG1 shown in Fig.2 . The rated active power of DG1 is 225kW, the rated, cut-in and cut-out wind speed is 13.5m/s, 3.5m/s and 25m/s, respectively. The power of the load of each node (excludes node 1) obeys a normal distribution. Therefore, there are 32 random variables to be considered in power flow calculation.
B. SVS Assessment Results
In order to analysis the influence of load types on the SVS of ADNs, probability power flow calculation are performed for each type of the load. The calculated Table. 1. We can see from Table. 1 that the node voltage is inevitably influenced by the load types, and the voltage amplitudes of all the nodes for different load types satisfy VP<VZIP<VI<VZ.
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To analysis the influence of DG on the SVS of a distribution network, we use the traditional voltage stability calculation method to evaluate the voltage stability indicator without DG integration, and apply the method presented in Section 3.2 to assess the SVS of the entire network after the integration of two DGs. The calculated voltage stability indexes are provided in Table.2 and Table. 3 respectively. It can be learned by comparing the simulation results shown in Table.2 and Table. 3 that the values of the voltage stability indexes of all the branches increase after the integration of DGs, indicating that the overall voltage stability of the system is improved. At the same time, we are noticed that the expected value of the voltage stability index of branch 18 is 0.7017/0.7138 before/after the integration of the two DGs. This expected value is the minimum of all the voltage stability index. Therefore, it can be judged that branch 18 is the weakest link of the system in term of the voltage stability.
VI. CONCLUSIONS
This paper comprehensively considers the stochastic characteristics of DG power and the diversity of the load types in carrying out the assessment of the SVS of ADNs. The forward and backward substitution and the two-point estimation method are proposed to perform the probabilistic power flow calculations for distribution network with complex topology. Based on the idea of random probability evaluation, the probability calculation of voltage stability index is performed on the basis of the traditional voltage stability index. The probability distribution function and corresponding expected value of the voltage stability index of the distribution network with DG integration are obtained to analyze the SVSs of ADNs. The proposed voltage stability indicator and the probabilistic SVS assessment method provide a basis for analysing the SVS of ADN and develop effective measures to improve the SVS.
